To date there is ample in vivo and in vitro evidence for increased epidermal and systemic hydrogen peroxide (H 2 O 2 ) levels in vitiligo, which can be reduced with a topical application of a pseudocatalase-K.U. Schallreuter (PC-KUS) leading to the recovery of epidermal catalase levels as well as other enzymes in peripheral blood cells. Recently, the generation of H 2 O 2 by oxidative metabolism of estrogens and other aromatic steroids was documented. Therefore, it was tempting to follow estrogen-generated H 2 O 2 and its possible effect on DNA damage in peripheral blood lymphocytes from patients with vitiligo before and after the reduction of epidermal H 2 O 2 with pseudocatalase PC-KUS compared to controls. For this purpose, 20 Caucasian patients were grouped in treated responders (group A, n ¼ 11) and untreated active/acute disease (group B, n ¼ 9) and compared to Caucasian healthy controls (group C, n ¼ 7). Consequently, epidermal catalase protein expression in full skin biopsies was assessed using immunofluorescence labelling together with determination of basal H 2 O 2 levels in peripheral blood lymphocytes. To test the influence of estrogen on H 2 O 2 generation and DNA damage, freshly prepared peripheral blood lymphocytes from all three groups were used for the alkaline comet assay in the presence and absence of catalase. The results of this study demonstrated that reduction of epidermal H 2 O 2 leads to both increased epidermal catalase protein expression as well as decreased H 2 O 2 concentrations in lymphocytes. Moreover, a direct estrogen-mediated DNA damage was identified in both patient groups, which was absent in healthy controls. This effect was not abolished by catalase pointing to direct quinone-mediated DNA damage by estrogens in peripheral blood lymphocytes in vitiligo.
INRODUCTION
Vitiligo is an acquired depigmentation disorder affecting 0.5-4% of the world population (Ortonne and Bose, 1993) . Despite its early recognition, the etiology is still unclear. To date, several hypotheses exist, but none of them can satisfy the entire spectrum of this devastating disfiguring disease (Le Poole et al., 1993a, b; Ortonne and Bose, 1993) . Almost all publications in the field describe decreased numbers or complete absence of epidermal-functioning pigment-forming cells in the depigmented skin, but recently it was shown that cells are still present even in long-standing vitiligo (Le Poole et al., 1993a, b; Tobin et al., 2000) . Over the last decade, ample evidence has been provided by several investigators for the presence of oxidative stress in the skin and even in blood cells of these patients (Moellmann et al., 1982; Bhawan and Bhutani, 1983; Schallreuter et al., 1991; Yohn et al., 1991; Maresca et al., 1997) . In this context, high levels (10 À3 M) of epidermal hydrogen peroxide (H 2 O 2 ) have been demonstrated in vivo and in vitro together with low catalase levels, the major enzyme involved in the reduction of this reactive oxygen species (Schallreuter et al., 1991 (Schallreuter et al., , 1999 . It has been shown that these high concentrations of H 2 O 2 foster the depigmentation process in vitiligo and lead to significantly lower catalase levels owing to deactivation of the enzyme active site (Aronoff, 1965) . Moreover, it was shown that other important enzymes, such as acetylcholinesterase (EC 3.1.1.7) and pterin 4a-carbinolamine dehydratase (EC 4.2.1.96) as well as dihydropteridine reductase (EC 1.6.99.7), both involved in the recycling of the important cofactor (6R)-L-erythro-5,6,7,8-tetrahydrobiopterin, are deactivated through the oxidation of important residues in their structures by H 2 O 2 (10 À3 M), but the expression of these enzymes is increased by concentrations of H 2 O 2 in the 10 À6 M range (Schallreuter et al., 2001 Hasse et al., 2004) .
For a long time, it has been suggested that estrogens may be involved in the depigmentation process of vitiligo because the initiation/progression of the disease is observed at pregnancy, postpartum, in the menopause or after the use of oral contraceptives/hormonal substitution (Levai, 1958; Lerner, 1959; El Mofty, 1968; Dutta and Mandal, 1969; Behl and Bhatia, 1972; Salzer and Schallreuter, 1995) . It is in this context, it is worth noting that the generation of H 2 O 2 by estrogens and other aromatic steroids (e.g. progesterone) can contribute to DNA damage as shown in human peripheral blood lymphocytes and in spermatozoa (Anderson et al., 2003) .
Therefore, it was tempting to ask the question whether peripheral blood lymphocytes in patients with vitiligo would be more susceptible to estrogen-induced DNA damage compared to healthy controls. Utilizing the comet assay, the results of this study show that estrogens do indeed contribute to the oxidative stress via H 2 O 2 in lymphocytes, leading to DNA damage in these cells. However, in addition, we identified a direct effect of the estrogens, which was not prevented by catalase, demonstrating that semiquinone and orthoquinone metabolites from the hormone can contribute to DNA damage. As estrogens are also produced in the human epidermis, we propose that estrogen-induced oxidative/radical stress could provide a rationale for hormonal-induced vitiligo.
RESULTS
Recovery and upregulation of epidermal catalase protein expression in active vitiligo after the reduction of H 2 O 2 with pseudocatalase PC-KUS As the reduction of epidermal H 2 O 2 leads to the recovery of dihydropteridine reductase enzyme activities in peripheral blood cells, we first wanted to test whether epidermal catalase protein expression is also restored (Hasse et al., 2004) . Therefore, we compared catalase enzyme expression in full skin biopsies before and after treatment in patients and controls. The fluorescence was analyzed as outlined in Materials and Methods. The intensity of the fluorescence was related to normal skin (100% standard deviation (SD)713.4). The in loco results showed an almost absent expression of epidermal catalase in the depigmented (6% SD72.9) with reduced expression in normal pigmented skin of untreated active/acute vitiligo (51% SD74.3) compared to healthy control skin (Figure 1a , b, and c). After treatment, the enzyme expression recovers and is even double during the repigmentation process (200% SD76.1) (Figure 1d) . Surprisingly, the enzyme expression remains higher after the removal of epidermal H 2 O 2 (166% SD76.0 and 170% SD712.6) (Figure 1e and f) compared to controls. This result confirms the alteration of catalase by its own substrate in high concentrations as documented already in 1965 by Aronoff (Aronoff, 1965) , but also indicates that the transcription of the protein is upregulated by low concentrations of H 2 O 2 (10 À6 M) as documented for dihydropteridine reductase and for acetylcholinesterase (Hasse et al., 2004; Schallreuter et al., 2004) . This new data is also in agreement with low catalase enzyme activities in both depigmented and normal pigmented skin of untreated patients as shown earlier (Schallreuter et al., 1991) . Taken together, these data emphasize once more the involvement of the entire epidermis in the disease process of vitiligo as already documented for many other biochemical mechanisms (Rokos et al., 2002) . www.jidonline.org 1037 pseudocatalase-K.U. Schallreuter (PC-KUS) (Hasse et al., 2004; Schallreuter et al., 2004) . Hence, it was assumed that epidermal H 2 O 2 stress diffuses to the bloodstream in these patients (Hasse et al., 2004; Schallreuter et al., 2004) . In order to confirm this assumption, we evaluated H 2 O 2 concentrations in peripheral blood lymphocytes from patients with untreated active/acute vitiligo (n ¼ 22) and compared them to treated patients (n ¼ 25) and healthy controls (n ¼ 21). The results from this study showed that H 2 O 2 concentrations in lymphocytes from untreated patients with active vitiligo are significantly lower compared to controls and to patients treated with pseudocatalase ( Figure 2 ). After treatment, patients with vitiligo have similar H 2 O 2 values to healthy controls. These results suggest that H 2 O 2 levels in lymphocytes of untreated patients may lead to an increased catalase expression/activity as observed in the epidermis ( Figure 1d ) and as already shown in 1965 by Aronoff (Aronoff, 1965) . Interestingly, there was no significant difference between men and women ( Figure 3 ).
Peripheral blood lymphocytes of patients with untreated active/ acute and treated vitiligo are more susceptible to estrogeninduced DNA damage In order to test possible H 2 O 2 -induced DNA damage in native peripheral blood lymphocytes, we first tested whether additional catalase (250 U/ml) could reduce DNA damage in peripheral blood lymphocytes from untreated vitiligo (group B) using the Comet assay. Surprisingly, the tail moment in untreated patients (group B) was not affected upon the addition of extracellular catalase, indicating substantial DNA damage before the assay (Figure 4 ). However, after exposure to additional extracellular H 2 O 2 (6 Â 10 À5 M), we observed a highly significant increase in DNA damage in all three groups ( Figure 5b ). This effect was completely abolished in the presence of catalase (250 U/ml) in both the treated patient and in the control group, but not in untreated acute vitiligo (Figure 5c ). This result suggests that the accumulation of H 2 O 2 in the untreated patient group must affect catalase as already observed in the epidermis of these patients (Figure 1) , and that substantial damage exists already in native samples of these individuals. As it was shown that estrogens generate H 2 O 2 (Anderson et al., 2003) , we next tested the influence of estrogen on DNA damage in all three groups by exposing the lymphocytes to 7.5 Â 10 À5 M 17 b-estradiol. The results showed a significant increase in the tail moment in all three groups (Figure 6b ) compared to unstimulated cells (Figure 6a ). To test whether this increase was indeed owing to the generation of H 2 O 2 by this compound, we repeated the experiment in the presence of catalase (250 U/ml). There was a significant prevention of DNA damage in the healthy control group, but to our surprise both vitiligo groups were not protected (Figure 6c ). Although this result confirmed the generation of H 2 O 2 in healthy controls, cells from patients with vitiligo did not respond to catalase. Hence, a direct role for estrogen-mediated DNA damage had to be invoked. In this context, it is well documented that estrogens are degraded by oxidative metabolism via the enzyme cytochrome P450 with subsequent oxidation of the catechol yielding a semiquinone radical, and finally the orthoquinone (Yamazaki et al., 1998; Lee et al., 2001; Cavalieri et al., 2002) . Both metabolites have been implicated previously in DNA damage (Bolton, 2002) . Our results presented herein suggest that lymphocytes from patients with vitiligo are much more susceptible to the direct action of estrogens compared to the effect of H 2 O 2 .
DISCUSSION
It is well established that aromatic steroids are produced from cholesterol metabolism. As estrogens have been suspected as contributors to oxidative stress in vitiligo owing to both onset or rapid progression of this disease during pregnancy, postpartum, menopause, and hormone replacement therapy, we selected this model aromatic steroid for this study (Levai, 1958; Lerner, 1959; El Mofty, 1968; Dutta and Mandal, 1969; Behl and Bhatia, 1972; Salzer and Schallreuter, 1995 showing that lymphocytes from healthy controls are susceptible to estrogen-mediated DNA damage, which could be reversed by the addition of catalase ( Figure 5 ). This result proved H 2 O 2 as a product of estradiol oxidative metabolism. Figure 7 presents the proposed reaction pathway for the oxidation of estradiol by cytochrome P450 leading to the generation of 2O 2 KÀ , which disproportionates to H 2 O 2 and O 2 . Interestingly, lymphocytes obtained from patients with vitiligo before and after the removal of epidermal H 2 O 2 with pseudocatalase PC-KUS were not protected against estradiolmediated DNA damage upon the addition of catalase, implicating an additional mechanism of action for this hormone in affected individuals. In this context, it is important that semiquinone radicals and quinones can directly cause DNA damage. Thus, the results of this study indicate that lymphocyte DNA from patients with vitiligo is especially sensitive to steroid-generated electrophiles and this effect is even over-riding the contribution of H 2 O 2 (Bolton, 2002; Cavalieri et al., 2002) . Previously, it has been shown that epidermal H 2 O 2 concentrations in vitiligo are in the 10 À3 M range and that its transport into the bloodstream increases systemic concentrations in the range 40-50 Â 10 À6 M. This result was based on the analysis of the activity of the H 2 O 2 -sensitive enzyme dihydropteridine reductase in whole blood. Detailed enzyme kinetics showed that dihydropteridine reductase is inhibited at concentrations above 25 Â 10 À6 M, but at lower concentrations, enzyme expression/activity is increased four-fold (Hasse et al., 2004) . Hence, enzyme activities are directly regulated by H 2 O 2 . In There is a significant increase in DNA damage in healthy controls and treated patients without any effect on the untreated patient group. (c) Effect of catalase on H 2 O 2 -exposed lymphocytes. This result demonstrates that extracellular catalase can significantly prevent DNA damage in healthy controls and treated patients, but has no effect on untreated patients. These data further support that these lymphocytes are already substantially damaged. (***P ¼ 0.001; *Po0.05) (&) Healthy controls, (') untreated, and ( ) treated patients). www.jidonline.org 1039 this report, we show decreased epidermal catalase protein expression in the presence of high H 2 O 2 concentrations (10 À3 M), whereas expression of this enzyme is significantly increased (two-fold) after the reduction of epidermal H 2 O 2 concentrations into the 10 À6 M range with pseudocatalase PC-KUS (Figure 1 ). As peripheral blood lymphocytes from untreated patients with active vitiligo have significantly lower concentrations of H 2 O 2 compared to controls and treated patients as shown in the study presented herein, then increased H 2 O 2 -concentration-dependent activation of catalase is expected (Aronoff, 1965) (Figure 2) . Therefore, we propose that systemic oxidative stress (440 Â 10 À6 M H 2 O 2 ) could result in both increased expression and activity of catalase. Most importantly, there was no significant difference in estrogen-mediated DNA damage between men and women in the total group (Figure 3) , underlining a sexindependent response to aromatic steroids. As autocrine synthesis of cholesterol and its aromatic steroid products occurs in the epidermal compartment together with the expression of cytochrome P450 isoforms, we would like to propose that patients with vitiligo are more susceptible to semiquinone and quinone radicals in general (Harris et al., 2002; Ahmad and Mukhtar, 2004) . Considering that quinones are still used as common skin bleaching agents including wide-spreading vitiligo, these results call for further investigation (Arndt and Fitzpatrick, 1965) .
In summary, our results could provide a scientific rationale for the possible onset and progression of vitiligo owing to hormonal changes as documented earlier by many groups.
MATERIALS AND METHODS

Patients and controls
Patients and control groups for Comet assay. The study included 20 Caucasian patients with vitiligo vulgaris and seven Caucasian healthy controls. The mean age of the groups was 35 years (range 19-45 years). Eleven men and 16 women participated in the study. Everybody was otherwise healthy and none was on any oral medication at least for 2 months before this study. The treatment protocol with narrowband UVB-activated pseudocatalase PC-KUS over 4 months and the assessment of epidermal H 2 O 2 in vivo by FT-Raman spectroscopy has been published in detail elsewhere . Briefly, patients apply twice daily the cream to the entire body surface. The chemical activation of the pseudocatalase complex was achieved by low-dose narrowband UVB (0.15 mJ/cm 2 once per day). After signed consent, patients were grouped into treated (n ¼ 11, group A) and untreated/active (n ¼ 9, group B) disease. Healthy controls formed group C (n ¼ 7). The study took place after signed consent of each participant and was conducted in accordance with the guidelines in the Declaration of Helsinki Principles. Moreover, the study was approved by the local ethics committees.
Patient and control groups for H 2 O 2 determination in lymphocytes
This study included 47 Caucasian patients with vitiligo vulgaris (22 untreated patients and 25 treated patients) and 21 Caucasian healthy controls. The mean age of the groups was 40 years (range 11-62 years). Thirty-five men and 33 women participated in the study. The treatment protocol is described above.
Immunofluorescence labelling of epidermal catalase protein expression
In order to assess the effect of H 2 O 2 on catalase protein expression in situ in the epidermis of patients before and after the reduction of H 2 O 2 with pseudocatalase PC-KUS, punch biopsies (3 mm) were taken under local anesthesia before and after treatment from depigmented, normal pigmented, and repigmenting skin of three patients and three controls. Biopsies were cryoprotected in OCT compound (Sakura, Eastbourne, UK) and snap-frozen in liquid nitrogen. The tissue was cut in 5 mm sections and placed on polylysine-coated slides, followed by fixation with ice-cold acetone for 15 minutes. Sections were incubated overnight at 41C in a humidified chamber with the polyclonal mouse anti-catalase antibody HAS 11 (dilution 1:25; Sigma, Poole, Dorset, UK), washed 3 Â in phosphate-buffered saline, followed by fluorescence labelling with FITC anti-mouse IgG for 90 minutes at room temperature (dilution 1:100; Jackson Immunoresearch, West Grove, PA). Slides were again washed 3 Â in phosphate-buffered saline. Immunoreactivity was viewed under a Leica DM-IRB inverted microscope (Leica Microsystems, Wetzlar, Germany) coupled to a digital camera equipped with Neotech Image Grabber PCT software. The results were quantified based on the intensity of the fluorescence using the 
ImageJ
R software (National Institute of Health, Bethesda, MD). To do so, the pictures were converted to 8-bit format and the intensity was measured in gray values. For analysis, five images from the epidermis were captured per slide. The dermis was excluded from the evaluation.
Preparation of peripheral blood lymphocytes
Peripheral blood lymphocytes were freshly prepared from 20 ml EDTA -blood of each participant. Cells were isolated using Lymphoprep (Axis Shield, Oslo, Norway) according to the manufacturer's protocol. Lymphocytes for Comet assay were used either freshly or after gentle storage in a mixture of DMSO/fetal calf serum (V/V ¼ 10/90) in liquid nitrogen. The viability of cells was assessed for each sample after thawing with Trypan blue using the method of Pool-Zobel et al. (1992) . The fresh and frozen samples were tested for any influence of the freezing procedure before the study. There was no significant difference in the Comet assay between those two preparations (data not shown). Lymphocytes used for H 2 O 2 determination were snapfrozen and stored in À801C (2 weeks) before the experiments.
Determination of H 2 O 2 in peripheral blood lymphocytes
In order to measure H 2 O 2 in peripheral blood lymphocytes, we used the Amplex Red Hydrogen peroxide/Peroxidase Assay Kit (Molecular Probes, Leiden, the Netherlands) according to the manufacturer's protocol. Fluorescence was measured with a fluorescence microplate reader using excitation at 530 nm and fluorescence detection at 590 nm. Background fluorescence was determined for a control reaction without H 2 O 2 and this was subtracted from each result. Results were expressed as pmol H 2 O 2 per mg cellular protein. Protein concentration was determined by the DC Protein Assay (BioRad, Cambridge, UK) following the manufacturer's instructions.
Alkaline Comet assay for the identification of DNA damage in peripheral blood lymphocytes
The Comet assay was performed according to the standard methods of Singh et al. (1988) and Tice et al. (2000) . In order to ensure an unbiased evaluation of the tail moment data, samples were coded and examined in a blind study where the investigators (G.C., E.C., and D.A.) did not know the code.
DNA damage was analyzed as tail moment in native cells before and after exposure to catalase, H 2 O 2 , and 17 b-estradiol for 30 minutes at 371C. Slides were examined and analyzed at magnification of Â 625 using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany) equipped with an excitation filter of BP 546/10 nm and a barrier filter of 590 nm coupled to the computer through a charge couple devicecamera for transport of the images to the software (Komet 4.0, Kinetic Imaging, Liverpool, UK). The images appeared at the monitor screen at magnification of Â 1000. One hundred cells were scored on each slide. Individual values of DNA damage were analyzed as tail moment, which is equivalent to the integrated density value multiplied by the distance of migration.
Statistical analysis
The data violated the normality and equal variance test required for parametric analyses. For pairwise comparison of the patients and controls,the Mann-Whitney test was used. Analysis of variance and the Student's t-test was utilized because of the differences in group sizes. The statistical package used was STATISTICA (StatSoft, Tulsa, OK).
